Amyotrophic lateral sclerosis (ALS) is a devastating motor neuron disease causing paralysis and death from respiratory failure (1, 2) . Decreased inspiratory muscle strength (3) (4) (5) suggests inspiratory motor neuron degeneration, although extreme inspiratory maneuvers are necessary to demonstrate functional deficits until late in ALS disease progression. Ultimately, inspiratory motor neuron death exceeds the capacity for compensation, causing ventilatory failure and ventilator dependence or death (3, 6, 7) . It is essential to develop new strategies that preserve respiratory function in patients with ALS.
Although the pathogenesis of ALS is under active debate (8) (9) (10) , one major hypothesis is that it is not cell autonomous, and that astrocytes near motor neurons contribute significantly to disease progression (11, 12) . Thus, providing healthy astrocytes near motor neurons may slow motor neuron death. Others hypothesize that diminished trophic factor support contributes to motor neuron degeneration in ALS (13, 14) . Because many trophic factors are neuroprotective to motor neurons, delivery of relevant growth/trophic factors may prolong motor neuron survival (13) . However, clinical trials using growth factors have experienced limited success (15) (16) (17) (18) (19) , possibly due to inadequate delivery and/or choice of growth factors.
The primary goal of the present study was to harness strategies that preserve and/or restore the capacity to increase inspiratory activity in the major nerve innervating the diaphragm (phrenic nerve) in a rat model of ALS (SOD1 G93A mutant rats) (1, 20) . First, we induced a form of brain-derived neurotrophic factor (BDNF)-dependent phrenic motor plasticity known as phrenic long-term facilitation (pLTF) with acute intermittent hypoxia (AIH) (21, 22) . AIH represents a novel means of inducing new BDNF synthesis and increasing phrenic motor output (21) . Second, human neural progenitor cells (hNPCs) were implanted near phrenic motor neurons to replenish functional astrocytes (23) . Finally, hNPCs modified to secrete glial cell line-derived neurotrophic factor (GDNF; previously shown to slow lumbar motor neuron degeneration in SOD1 G93A rats [24] ) were implanted near phrenic motor neurons. Functional outcomes were assessed by measuring motor neuron survival and phrenic motor output at disease end stage. Some results of these studies have been previously reported in abstracts (25) (26) (27) .
were performed on adult males at end stage (z150-180 d); end stage was defined as a 20% decrease from peak body mass.
Rats from three generations were studied, with focus on (1) breathing capacity measurements (Figure 1 ), (2) studies of AIH-induced pLTF (Figure 2 ), and (3) stem cell transplantation (Figures 3-6 ). Electrophysiology and then histochemistry were performed in all groups. Agematched, wild-type littermates served as controls. All animal procedures were approved by the Institutional Animal Care and Use Committee at the University of Wisconsin (Madison, WI), and were in agreement with standards of the Guide for the Care and Use of Laboratory Animals (National Research Council, Washington, DC). The University of Wisconsin is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC), and is covered by National Institutes of Health (NIH) Assurance (A3368-01).
Measurements of Breathing Capacity
To assess breathing capacity, unanesthetized rats (n ¼ 4 for SOD1 G93A and wild-type) were placed in a whole-body plethysmograph (Buxco Electronics, Wilmington, NC) as described previously (28) . Tidal volume (milliliters) and minute pulmonary ventilation (milliliters per minute) were measured during baseline and maximal chemoreceptor stimulation (inspired gas: 7% CO 2 , 10.5% O 2 ).
Phrenic Nerve Activity
At end stage, mutant and wild-type rats were anesthetized for neurophysiological assessment of phrenic nerve activity (29) . To assess integrated phrenic activity during baseline and maximal chemoreceptor activation, stable baseline conditions were established (.30 min) and the rat was then exposed to 10-to 20-mm Hg increases in end-tidal CO 2 until maximal nerve activity was achieved (arterial PCO 2 , z90 mm Hg). Inspired gases were changed at 8-minute intervals; arterial blood gases were measured during baseline and 6 minutes after inspired gas changes. Wild-type (n ¼ 18) and SOD1
G93A rats (n ¼ 13) were exposed to AIH. During AIH protocols, blood gases were determined as previously described (29) . For rats with hNPC transplants, blood gases were tested during baseline, 20 and 40 mm Hg above baseline CO 2 , and 40 mm Hg above baseline CO 2 with hypoxia.
Immunofluorescence
After neurophysiology experiments, rats were perfused and their tissues prepared for immunohistochemistry (28) . After ventilatory studies, cervical (C3-C5) and thoracic (T5) spinal cord and brainstem regions containing hypoglossal motor neurons were sectioned (28) . After AIH and hNPC studies, cervical sections (C3-C6) were made (24, 28) . In AIH studies, primary antibodies were for neuronal nuclei (NeuN, mouse monoclonal, diluted 1:500; Chemicon, Billerica, MA), and the secondary antibody was goat anti-mouse green fluorescent Alexa 488 (diluted 1:500; Molecular Probes, Eugene, OR). In hNPC studies, primary antibodies included human-specific nuclear antigen (hNuc), choline acetyltransferase (ChAT), and anti-human cytoplasmic protein marker STEM121 (SC121, mouse monoclonal, diluted 1:2,000; StemCells Inc., Newark, CA) followed by secondary antibodies conjugated to Alexa Fluor 594 or Alexa Fluor 488 (diluted 1:500; Molecular Probes). Human GDNF immunohistochemistry was described previously (24) .
Motor Neuron Counts
Using manual morphometric analyses, phrenic motor neurons were counted in the C4 ventral horn. Phrenic motor neurons were defined by a cluster of large mediolateral neurons in the C4 ventral horn (30, 31) . After plethysmography and AIH studies, six C4 sections (40 mm thick) were counted. Counting criteria included a clearly defined nucleus with intact chromatin (nonpyknotic) and a cytoplasmic membrane in large cell bodies characteristic of motor neurons. The number of phrenic motor neurons in the C4 segment was extrapolated from the six sections (length of C4 phrenic motor nucleus, z2,000 mm; 40-mm sections). After hNPC studies, 3-11 sections (35 mm thick), relatively evenly spaced along the C4 segment (2,000 mm), were visualized (24) with the 340 objective of a fluorescence M2 imager microscope (distance between counting frames, 100 mm; frame size, 100 3 100 mm; optical dissector height, 23 mm; guard zone thickness, 2.5 mm). Only complete motor neurons with an identifiable cell body and visible 49,6-diamidino-2-phenylindole (DAPI)-counterstained nucleus were counted. The total phrenic motor neuron number at C4 was extrapolated from the average phrenic motor neuron count per section (2,000-mm C4 segment; 35-mm sections). Figure 1 . Breathing capacity, motor neuron survival, and phrenic activity in SOD1 G93A rats at end stage. (A) Tidal volume (VT) and (B) minute ventilation ( _ VE) at baseline and during chemoreceptor stimulation (7% CO 2 1 10.5% O 2 ) in wild-type and mutant rats. Although chemoreceptor stimulation increased both variables (*P , 0.05), no differences were observed between wild-type and mutant rats. (C and D) Photomicrographs (original magnification, 310) of (C) wild-type rats and (D) mutant rats, depicting putative phrenic motor neurons in the C4 ventral horn (framed regions where morphometric analysis was performed: original magnification, 340). Scale bars: large panels, 200 mm; small panels, 50 mm. (E) Motor neuron numbers at C4 (phrenic) and T5 were significantly decreased in mutant (solid columns) versus wildtype rats (open columns) (*P , 0.05); hypoglossal (XII) motor neurons were unchanged (P . 0.05). (F) Integrated phrenic burst amplitude during chemoreceptor stimulation was significantly decreased in mutant (solid column) versus wild-type rats (open column; *P , 0.05).
hNPC Cultures, Lentiviral Infection, and Cell Transplantation
Methods to grow hNPCs from fetal cortex have been described (32, 33) , and conform to NIH, University of Washington, and University of Wisconsin guidelines for collection of fetal tissues. Institutional review board (IRB) approval was obtained for all studies. GDNF-secreting hNPCs (hNPC-GDNF) or unaltered hNPC neurospheres were prepared for transplantation as described (23, 24, 34) . To produce dead cells, hNPCs were incubated (30 min) at -80 8 C and thawed; live/dead cell counts confirmed 100% cell death. For transplantation, presymptomatic (110-120 d) SOD1
G93A rats were anesthetized, positioned in a stereotaxic frame, and laminectomy and durotomy from C3 to C6 (24) were performed. Cell injections were made as described previously (24) at C3 and C6, and then the rats were allowed to recover from surgery; the rats were carefully monitored for 2 to 3 days, and then returned to the animal facility until they reached end stage. SOD1 G93A rats included hNPCs (n ¼ 15), hNPC-GDNF (n ¼ 12), dead hNPCs (hNPC-dead; n ¼ 9), and nonsurgical controls (No Tx; n ¼ 11). Nonsurgical, wild-type littermates (n ¼ 11) were also included. Rats received cyclosporine (intraperitoneal, 10 mg/kg; Novartis) daily to prevent human cell rejection, beginning 1 day before surgery and continuing until sacrifice.
Statistical Analyses
Plethysmography data were analyzed via Buxco software (28) . Integrated phrenic nerve burst amplitudes were averaged over 1 minute during baseline; 15, 30, and 60 minutes post-AIH or baseline; and maximal output. Phrenic nerve burst amplitude is reported as the voltage of the integrated signal (see Figure E1 for validation of measurement), as the ipsilateral-tocontralateral ratio or as a percentage change from baseline. Statistical comparisons between treatment groups for plethysmography, maximal phrenic activity, and AIH studies were done by two-way analysis of variance (ANOVA) with repeated measures design. One-way ANOVA was used to compare (1) integrated phrenic activity at baseline or 60 minutes post-AIH, (2) maximal phrenic activity in wild-type versus SOD1
G93A rats, and (3) histology data. After ANOVAs, individual comparisons were made using Student-Newman-Keuls or Fisher least significant difference (LSD) post hoc tests (SigmaPlot version 12.0; Systat Software Inc., San Jose, CA). For integrated phrenic nerve burst amplitudes (voltage) and ipsilateral-tocontralateral voltage ratios in hNPC studies, a split plot analysis with repeated measures was done (SAS or Statistical Analysis Software version 9.1.3; SAS Institute Inc.). All differences between groups were considered significant if P , 0.05; all values are expressed as means 6 1 SEM. Multiple linear regression analyses were performed between baseline or maximal phrenic activity with phrenic motor neuron counts.
RESULTS

Breathing Capacity Is Maintained in Unanesthetized SOD1
G93A Rats at End Stage Combined hypercapnia and hypoxia was used to elicit a standardized level of increased ventilatory drive, enabling assessment of the capacity to increase inspiratory volume (28) . Measurements were made when SOD1 G93A rats reached end stage (20% decrease from peak body mass) and in age-matched, wild-type littermates. No significant differences were observed between SOD1 G93A (n ¼ 4) and wild-type rats (n ¼ 4) in tidal volume (milliliters) or minute ventilation (milliliters per minute) when breathing air or during chemoreceptor stimulation ( Figures 1A and B) . Thus, the capacity to generate inspiratory volume is preserved in end-stage SOD1 G93A rats at a time when limb paralysis is already severe.
Decreased Inspiratory Motor Neuron Counts
Cervical (C4; phrenic), thoracic (T5; intercostal), and hypoglossal motor neuron counts in SOD1 G93A and wild-type rats at end stage revealed major losses of phrenic (large, pyramidal-shaped cells in the medioventral gray matter at C4 [30] ) and T5 motor neurons in SOD1 G93A rats ( Figures 1C-1E ). Motor neuron degeneration was not observed in the hypoglossal motor nucleus, which maintains upper airway patency ( Figure 1E ). Because the capacity to increase inspiratory volume is preserved despite major inspiratory motor neuron loss, unknown mechanisms of compensatory plasticity preserve breathing capacity at end stage in SOD1 G93A rats.
Decreased Phrenic Motor Output
Integrated phrenic nerve activity (28) was assessed in anesthetized SOD1 G93A and wild-type rats during baseline (normocapnia, hyperoxia) and maximal chemoreceptor stimulation (arterial PCO 2 > 90 mm Hg) at end stage. Phrenic burst amplitude Figure 1F) . Collectively, in all groups of SOD1 G93A rats presented here (Figures 2 and 3) , phrenic burst amplitude was significantly decreased during both baseline and maximal chemoreceptor stimulation. Deficits in phrenic nerve activity suggest that motor neuron cell death will eventually exceed the capacity for compensation, resulting in ventilatory failure as shown in a murine ALS model (35) .
Acute Intermittent Hypoxia Restores Phrenic Motor Output
Phrenic long-term facilitation (pLTF) is expressed as a prolonged increase in phrenic motor output after AIH (three 5-min hypoxic episodes; PaO 2 , z35 to 45 mm Hg; 5-min intervals) in wild-type rats (21, 22) (Figures 2A and 2B) . In end-stage SOD1 G93A rats, pLTF was significantly greater in SOD1
G93A versus wild-type rats 60 minutes post-AIH (Figures 2C-2E ). AIH increased phrenic activity in end-stage SOD1 G93A rats ( Figure 2F ) to levels equal to baseline levels in wild-type rats (in volts; Figure 2F ), demonstrating that AIH restored phrenic motor output to normal levels in this model.
hNPC Transplantation Preserves Phrenic Motor Output
To establish whether hNPCs (with or without GDNF release) preserve phrenic motor output in SOD1 G93A rats, bilateral phrenic nerve activity was recorded under baseline conditions and graded chemoreceptor stimulation at end stage ( Figure 3) . In SOD1 G93A rats without treatment or receiving dead hNPCs, integrated phrenic activity was significantly decreased at baseline ( Figure 4A ) and during maximal chemoreceptor stimulation ( Figure 4B) ; thus dead cells have no beneficial effects. In contrast, maximal integrated phrenic activity ipsilateral to hNPC transplants was significantly greater than in SOD1 G93A rats without treatment or receiving dead hNPCs, and was no longer significantly different from wild-type rats ( Figure 4B ). Both hNPCs and hNPC-GDNF transplants significantly increased the ipsilateral-to-contralateral ratio of integrated phrenic bursts ( Figures 4C and 4D ) at baseline. However, only hNPCs significantly increased this ratio during chemoreceptor stimulation ( Figures 4C and 4D) . A ratio of about 2 with hNPC transplants (baseline and maximal) indicates full preservation (or restoration) of phrenic activity on the side of hNPC implantation because the normal decrement at end stage is about 50%. Thus, hNPCs preserved phrenic activity at wildtype levels, although GDNF secretion had no additional benefit.
hNPCs Increase Phrenic Motor Neuron Survival hNPC survival and migration. At end stage, surviving phrenic motor neurons were surrounded by hNPCs labeled with a humanspecific antibody for human nuclear protein (Figures 5A-5C ). When visualizing hNPCs with the human-specific antibody, they were differentiated into astroglial-like cells, with processes extending around motor neurons ( Figures 5D and 5E ). Double labeling with astrocyte (glial fibrillary acidic protein [GFAP]) and progenitor (nestin) markers revealed that most cells migrating from the transplant were not mature astrocytes but, rather, immature, nestin-positive cells as described previously (24) . We did not see any neurons maturing from these grafts, as described previously (24) . Increased GDNF immunoreactivity was detected surrounding GDNF-secreting hNPCs ( Figure 5F ).
hNPCs and phrenic motor neuron survival. Phrenic motor neurons were identified as large ChAT 1 neurons in a cluster located in the mediolateral ventral horn at C4, as previously identified by retrograde tracer studies (30, 31) . The number of phrenic motor neurons was significantly decreased in end-stage SOD1 G93A rats ( Figure 6A ; also Figure 1 ). hNPC transplants significantly increased phrenic motor neuron counts ( Figure 6A ), indicating decreased cell death. hNPC-GDNF transplants had no significant effect, although there was an insignificant trend toward greater phrenic motor neuron survival ( Figure 6A ). Dead hNPCs exaggerated phrenic motor neuron loss ( Figure 6A ), suggesting unique effects of dead human cells, possibly due to inflammatory responses.
hNPCs and nonphrenic motor neuron survival. There were also reduced numbers of nonphrenic motor neurons in the C4 segment at end stage ( Figure 6B ). However, in contrast to phrenic motor neurons, ipsilateral counts of nonphrenic motor neurons were significantly increased by GDNF-secreting hNPCs, but not hNPCs alone. Thus, GDNF exerts beneficial effects on nonphrenic cervical motor neurons, similar to a previous study on G93A rat that received hNPC implant; I is larger than C. (D) Ipsilateral (I) and contralateral (C) phrenic neurograms from a mutant rat that received hNPCs secreting glial cell line-derived neurotrophic factor (hNPC-GDNF) implant; I slightly larger than C. lumbar motor neurons (24), but unlike the phrenic motor neurons studied here ( Figure 6B ).
Correlation between Phrenic Nerve Activity and Motor Neuron Survival
Significant positive correlations were detected between integrated phrenic nerve activity and phrenic motor neuron counts ipsilateral to hNPC injections during baseline (slope ¼ 0.32; R 2 ¼ 0.12; P , 0.05; Figure 6C ) and chemoreceptor stimulation (slope ¼ 0.98; R 2 ¼ 0.15; P , 0.05; Figure 6D ). As expected, neither baseline nor chemoreceptor-stimulated phrenic activity correlated with contralateral motor neuron survival (P . 0.05). Although hNPCs may preserve the capacity to increase phrenic nerve activity via modest increases in phrenic motor neuron . hNPCs and hNPC-GDNF both increased the ipsi/contra ratio under baseline conditions (*P , 0.05 vs. WT rats; C), but only hNPCs increased the ratio during chemoreceptor stimulation (*P , 0.05 vs. WT rats; D). hNPCs and hNPC-GDNF increased the ipsi/contra ratio versus hNPC-dead rats at baseline, but only hNPCs increased the ratio during chemoreceptor stimulation ( y P , 0.05). hNPC-GDNF increased the ratio at baseline versus MT-No Tx only; hNPCs also increased the ratio during stimulation versus MT-No Tx ( $ P , 0.05). survival, this effect is not sufficient to account for all of the increase in phrenic motor output (Figures 3-5 ). Other possible mechanisms of improved function include improved motor neuron health or hNPC-induced motor plasticity.
DISCUSSION
Despite major inspiratory motor neuron loss, breathing capacity is preserved in end-stage SOD1 G93A rats. This observation demonstrates that remarkable compensatory strategies preserve this critical homeostatic function during disease progression. However, there are signs of imminent respiratory failure, expressed as diminished capacity to generate phrenic nerve activity. Eventually, compensation will be inadequate, and progressive motor neuron death will cause overt ventilatory failure (3, (5) (6) (7) 35) . It is essential to find new strategies that preserve and/or restore lost phrenic motor function before we can successfully treat patients with ALS.
Here, we demonstrate the potential of two novel strategies to treat respiratory insufficiency: (1) induction of phrenic motor plasticity with intermittent hypoxia, and (2) improving phrenic motor neuron survival and function via neural progenitor cell transplants. These strategies are complementary, and have considerable translational potential to treat breathing deficits in ALS.
Respiratory Function in Rodent ALS Models
Despite its importance to the survival of patients with ALS, little is known concerning the impact of disease progression on breathing capacity in animal models of ALS. In SOD1 G93A rats, phrenic motor neuron degeneration, diminished compound diaphragm action potentials, phrenic nerve fiber loss, and diaphragm atrophy are reported at disease end stage (36) . Despite this suggestive evidence of respiratory compromise, functional deficits in the ability to generate inspiratory volume were not assessed in their study (36) . Further, the ability to generate inspiratory volume is maintained until late in disease progression in SOD1 G93A mice, but tidal volume falls abruptly over the next 1-2 days (35); respiratory motor neuron degeneration was not reported in their study.
Spontaneous Compensatory Respiratory Plasticity
Spontaneous compensatory plasticity may delay ventilatory failure in patients with ALS, despite major respiratory motor neuron loss. Possible compensatory mechanisms include (1) central neural plasticity, amplifying respiratory motor output from surviving motor neurons; (2) motor end plate sprouting in surviving phrenic motor neurons, functionally increasing the size of diaphragm motor units; and/or (3) shifting inspiratory functions from the diaphragm to other inspiratory muscles. This last strategy is intrinsically limited because motor neuron death is also observed in other inspiratory motor pools. An understanding of spontaneous compensatory plasticity may have major health implications because it may guide the development of novel therapeutic interventions to slow or reverse breathing deficits in ALS.
Induced Plasticity to Restore Respiratory Function
Functional benefits may be achieved by inducing further plasticity, such as AIH-induced pLTF (22) . This is the first report of pLTF in any ALS model. In fact, pLTF was enhanced in endstage SOD1
G93A rats, restoring most of the capacity to generate phrenic motor output. Thus, intermittent hypoxia may be an interesting and simple means of restoring lost breathing capacity in ALS, similar to its application after cervical spinal injury (28, 37) . Mechanisms enhancing AIH-induced pLTF in endstage SOD1 G93A rats are not yet known. Because BDNF is critical for AIH-induced pLTF (21) , BDNF may be sufficient to preserve phrenic motor function in end-stage SOD1 G93A rats. Because repetitive AIH restores respiratory and nonrespiratory motor function after cervical spinal injury (28) , repetitive AIH may be a simple means of up-regulating endogenous growth/trophic factors to promote phrenic motor neuron survival and function (e.g., BDNF, vascular endothelial growth factor, and erythropoietin) (21, 38, 39) . At present, no data are available concerning the hypothesis that repetitive AIH elicits neuroprotective responses in respiratory or nonrespiratory motor neurons.
To date, there has been limited success in administering BDNF in clinical trials (17) (18) (19) . It is possible that BDNF delivery may Figure 6 . Surviving choline acetyltransferase-positive (ChAT 1 ) phrenic motor neurons (A) and nonphrenic ChAT 1 motor neurons in C4 ventral horn (B) in wildtype rats (WT), mutant rats (MT) without treatment (gray columns), and MT rats with human neural progenitor cell (hNPC)-dead, hNPCs, or hNPC-glial cell linederived neurotrophic factor (GDNF) ipsilateral (black columns) and contralateral (open columns) to transplants. (A) MT rats without treatment, with hNPC-dead (ipsilateral and contralateral), hNPCs (contralateral), or hNPC-GDNF (ipsilateral and contralateral) had significantly fewer phrenic motor neurons versus WT rats (*P , 0.05). hNPC-treated MT rats had significantly more phrenic motor neurons versus MT rats without treatment (ipsilateral), hNPC-dead (ipsilateral), or hNPC-GDNF (ipsilateral and contralateral) ( # P , 0.05). MT rats with hNPC-dead had fewer ipsilateral phrenic motor neurons versus the contralateral side ( y P , 0.05). hNPC-dead (ipsilateral) also had fewer phrenic motor neurons versus hNPCs (contralateral) and hNPC-GDNF (ipsilateral and contralateral) ( y P , 0.05). (B) MT rats without treatment, and both ipsilateral and contralateral hNPC-dead, hNPCs, and hNPC-GDNF had fewer nonphrenic motor neurons versus WT rats (*P , 0.05). Ipsilateral hNPCs had fewer nonphrenic motor neurons versus ipsilateral hNPC-GDNF ( # P , 0.05). Ipsilateral hNPC-dead had fewer nonphrenic motor neurons versus MT rats without treatment, ipsilateral and contralateral hNPCs, and ipsilateral and contralateral hNPC-GDNF ( y P , 0.05). Contralateral hNPC-dead had significantly fewer nonphrenic motor neurons versus ipsilateral and contralateral hNPC-GDNF ( T P , 0.05). Significant correlations exist between ipsilateral baseline (C) chemoreceptor-stimulated (D) phrenic nerve activity versus the number of surviving phrenic motor neurons (both regressions, P , 0.05).
cause TrkB down-regulation, or that TrkB may already be activated maximally. In contrast, both BDNF and TrkB are up-regulated by repetitive AIH (40) , suggesting that AIH may represent a highly novel means of "delivering" BDNF without receptor downregulation. On the other hand, truncated TrkB.T1 receptor deletion delays disease onset and muscle weakness in SOD1 G93A mice, although disease end stage remained unchanged (41) ; this finding is consistent with at least some negative BDNF effects.
Preserving Respiratory Function with hNPCs
Another strategy to preserve or restore phrenic motor output during ALS is to provide healthy cells that effectively "repair" the environment surrounding phrenic motor neurons. We used human fetal neural progenitor cells that produce mainly astrocytelike cells and protect motor neurons in the lumbar spinal cord of SOD1 G93A rats, but only when expressing GDNF (23, 24) . Here, we found that hNPCs improve phrenic motor neuron output and survival, without additional benefit from GDNF (Figures 3-5) . Thus different motor neuron pools appear to be differentially responsive to GDNF and astrocyte replacement, possibly related to their location or function (42, 43) . Indeed, considerable heterogeneity exists in spinal motor neuron properties (44) (45) (46) .
Mechanisms whereby hNPCs protect phrenic motor neurons and restore phrenic activity are not known. Although hNPCs differentiate into astrocyte-like cells in the spinal cord (24) , longer times are necessary to mature into fully functional GFAPexpressing astrocytes (47, 48) . hNPC transplantation in the lumbar spinal cord does not reduce astrocytosis or activate microglia, suggesting that their beneficial effects arise via other mechanisms (24) . Other mechanisms that could cause the effects observed here include (but are not limited to) the following: (1) wild-type hNPCs could increase glutamate uptake; (2) wild-type hNPCs could release beneficial growth/trophic factors other than GDNF; and/or (3) phrenic motor neurons may lack a GDNF response because the phrenic motor nucleus lacks GDNF receptors.
Possible Significance
Because patients with ALS eventually develop ventilatory failure, new strategies to delay respiratory motor neuron death and enhance the functional capacity of spared motor neurons via induced respiratory plasticity are desirable. Here we demonstrate that mechanisms increasing function in surviving motor neurons (AIH-induced plasticity) or slowing phrenic motor neuron death (hNPCs) may be viable treatment strategies. AIH is noninvasive, simple to perform, and has minimal risk of adverse effects (currently used protocols are modest in number and severity of hypoxic episodes [22] ). Indeed repetitive AIH has considerable potential in the treatment of both respiratory (22, 28) and nonrespiratory motor disorders/deficits (28, 49) . Further, an ongoing clinical trial using neural stem cell transplants in patients with ALS is beginning to incorporate injections near respiratory motor pools (50, 51) . Combinatorial strategies involving hNPC transplants and repetitive intermittent hypoxia represent viable (and complementary) strategies to preserve/restore functional deficits in ALS.
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